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Voltage-gated Ca2+ channels (VGCCs) are recognized for their superb ability for the preferred passage of Ca2+ over any other more abundant
cation present in the physiological saline. Most of our knowledge about the mechanisms of selective Ca2+ permeation through VGCCs was
derived from the studies on native and recombinant L-type representatives. However, the specifics of the selectivity and permeation of known
recombinant T-type Ca2+-channel α1 subunits, Cav3.1, Cav3.2 and Cav3.3, are still poorly defined. In the present study we provide comparative
analysis of the selectivity and permeation Cav3.1, Cav3.2, and Cav3.3 functionally expressed in Xenopus oocytes. Our data show that all Cav3
channels select Ca2+ over Na+ by affinity. Cav3.1 and Cav3.2 discriminate Ca
2+, Sr2+ and Ba2+ based on the ion's effects on the open channel
probability, whilst Cav3.3 discriminates based on the ion's intrapore binding affinity. All Cav3s were characterized by much smaller difference in
the KD values for Na
+ current blockade by Ca2+ (KD1∼6 μM) and for Ca2+ current saturation (KD2∼2 mM) as compared to L-type channels. This
enabled them to carry notable mixed Na+/Ca2+ current at close to physiological Ca2+ concentrations, which was the strongest for Cav3.3, smaller
for Cav3.2 and the smallest for Cav3.1. In addition to intrapore Ca
2+ binding site(s) Cav3.2, but not Cav3.1 and Cav3.3, is likely to possess an
extracellular Ca2+ binding site that controls channel permeation. Our results provide novel functional tests for identifying subunits responsible for
T-type Ca2+ current in native cells.
© 2007 Elsevier B.V. All rights reserved.Keywords: Cloned T-type Ca2+ channels; Cav3.1; Cav3.2; Cav3.3; Xenopus oocytes; Selectivity; Permeation1. Introduction
Voltage-gated Ca2+ channels (VGCCs) are recognized for
their superb ability to preferentially allow passage of Ca2+ over
other more abundant cation present in the physiological saline.
Such ability makes VGCCs one of the primary providers of
extracellular Ca2+ into the cytosol of many cells, which is
required for triggering specific cellular response(s). Most of our
knowledge about the mechanisms of selective Ca2+ permeation
through VGCCs was derived from the studies on high voltage-
activated (HVA) Ca2+-channel subfamily, and in particular on
their native and recombinant L-type representatives. The
essence of these studies can be summarized by the 5 key
statements that characterize the dominant current viewpoint on⁎ Corresponding author. Bogomoletz Institute of Physiology, National
Academy of Sciences of Ukraine, Bogomoletz Street, 4, Kyiv-24, 01024,
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0005-2736/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamem.2007.02.017the mechanisms of ions transport through Ca2+ channels [1,2]:
(1) the pore of Ca2+-channel provides single file passage for
multiple ions, simultaneously present in the pore; (2) the select-
ivity filter of the channel contains a locus of four negatively
charged glutamate residues (EEEE locus), which enables
discrimination of the divalent cations, Ca2+, Sr2+ and Ba2+,
based on their binding affinity to this locus; (3) in the absence of
Ca2+, the EEEE locus is unoccupied, providing effective
passage for Na+ ions, (4) at low Ca2+ concentrations (∼1 μM)
the locus is occupied by a single Ca2+, which blocks Na+ cur-
rent, (5) at high Ca2+ concentrations (>0.1 mM) the locus is
occupied by multiple Ca2+ ions, which due to their interaction
(repulsion or competition for binding site) decreases the effect-
ive binding constant enabling Ca2+ to pass through the channel.
The selectivity properties of native low voltage-activated
(LVA, alternatively T-type) Ca2+-channel subfamily are some-
what different. Their most striking feature is very weak if any
discrimination among divalents, Ca2+, Sr2+, and Ba2+, which
seems to rely not on the differences in the single-channel
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to the intrapore binding site, but on the permeating ions effects
on the single-channel open probability [3]. Cloning of three
isoforms of T-type Ca2+-channel α1 subunit [4–6], Cav3.1
(α1G), Cav3.2 (α1H), and Cav3.3 (α1I), showed that in the
equivalent positions to the EEEE pore locus of the L-type Ca2+-
channel, Cav3 subunits contain an EEDD locus [7]. With this
knowledge, further studies focused on mutating the EEDD locus
of Cav3.1 in the attempt to confer on it L-type Ca
2+-channel
selective properties [8]. Although failing to do so in all of the
attributes, these studies have established a clear link between the
amino acid composition of the selectivity filter and the kinetic
properties of Cav3.1 channel [9]. Unfortunately, to date most of
the studies on recombinant T-channel selectivity were conducted
primarily on Cav3.1, as it was the first one to be cloned, is
seemingly the most widely distributed in various tissues and
shows functional properties most reminiscent of native T-type
Ca2+ channels (except Ni2+ sensitivity) [10,11]. The data on
Ni2+-sensitive Cav3.2 are very sparse and incomplete [10,12],
whilst on Ni2+-insensitive Cav3.3 they are basically lacking.
Comparison of Ca2+ and Ba2+ whole-cell currents through the
three α1 subunits presented by McRory et al. [13] can only
be viewed as the starting point for the further in depth exam-
ination. In view of the evidence that endogenous T-channel
subtypes in native cells demonstrate divergent selectivity
profiles [14–16], it is imperative to conduct a comprehensive
comparative investigation of the selectivity of all recombinant T-
channel α1 subunits under similar experimental conditions. This
will provide clues not only on possible differences in the
selectivity mechanisms, but will also give reliable functional
tests for identifying, which subunits are responsible for LVA
Ca2+ current in native cells.
In the present study we used the Xenopus oocyte expression
system to analyze Cav3.1, Cav3.2 and Cav3.3 channel selectivity
and permeation by means of electrophysiology. Our data show
that all Cav3 channels select Ca
2+ over Na+ by affinity.
Discrimination of the divalent ion species on the whole-cell
level by Cav3.1 and Cav3.2 occurs due to ions' differential effects
on open channel probability, whilst Cav3.3 discriminates Ca
2+,
Sr2+, and Ba2+, by the affinity of their intrapore binding.
Relatively weak intrapore Ca2+ binding at low channel
occupancy combined with strong repulsion at high occupancy
enable all T-channelα1 subunits to carry notable mixed Na+/Ca2+
current at close to physiological Ca2+ concentrations, which is the
strongest for Cav3.3, the smallest for Cav3.1 and is in between for
Cav3.2. In addition to intrapore Ca
2+ binding site(s) Cav3.2, but
not Cav3.1 and Cav3.3, is likely to possess also an extracellular
Ca2+ binding site that controls channel's permeation.
2. Materials and methods
2.1. Preparation of cRNA, isolation, maintenance and injection of
Xenopus oocytes
cDNAs of the rat Cav3.1 [6], human Cav3.2 [4], and rat Cav3.3 [5] subunits
(GenBank™/EBI accession numbers NM_021098, AF027984, and
NM_020084, respectively) used in this study were kindly provided by Dr. E.
Perez-Reyes, University of Virginia. Capped Cav3.1, Cav3.2 and Cav3.3complementary RNA (cRNA) was prepared from linearized plasmids (pSP73
for Cav3.3, pGEM-HEA for Cav3.1 and Cav3.2) containing respective cDNA
sequences using T7 mMessage mMachine in vitro transcription kit (Ambion).
Stages V and VI oocytes from adult female Xenopus laevis frogs were used
for the recombinant T-type Ca2+-channel expression. The procedures for the
oocytes isolation, maintenance, and injection have been those detailed elsewhere
[17]. The volume of the injected Cav3.1, Cav3.2, or Cav3.3 cRNA solution
(0.2 μg/μl) was usually 50 nl per oocyte. The injection was performed using a
semiautomatic nanoliter-range injector (Bibigon, Kyiv, Ukraine). Oocytes were
used for the experiments 5 days after cRNA injection, since this time was
required for maximal T-type Ca2+-channel current expression (data not shown).
2.2. Electrophysiology and solutions
Membrane currents in the oocytes were recorded using a conventional
double-microelectrode voltage-clamp technique as described before [17].
“Voltage recording” and “current passing” microelectrodes were pulled
from borosilicate glass and had resistance of ∼3 MΩ and ∼1 MΩ,
respectively, when filled with 3 M KCl. To reduce contamination of Cav3.1-,
Cav3.2- and Cav3.3-carried currents by the oocyte's endogenous Ca
2+-
dependent currents, all measurements were conducted on oocytes injected
with 50 nl BAPTA-KOH buffer (20 mM, pH=7.4) 30 min prior to the
electrophysiological experiment. The composition of the extracellular solutions
used in the experiments is presented in Table 1. Rapid, within a few seconds
exchange of these solutions around the oocyte under electrophysiological
recording was performed by its sequential immersion into chambers filled with
different solutions, as described in http://www.biph.kiev.ua/departments/shuba/
research_files/solutions.htm.
2.3. Data analysis and statistics
Currents at each condition were measured in several oocytes and then
averaged. The data points were presented as mean±s.e.m. (standard error of the
mean). We used paired Student's t-test to determine statistical significance of the
results: P<0.05 was considered to be statistically significant. Data analysis was
performed using pCLAMP 8 (Axon Instr., Foster City, CA, USA), Origin 7.0
(Microcal, Northampton, MA, USA) and Prism 3.0 (Graph-Pad, San Diego, CA,
USA) software.
The permeability ratios for divalent cations, PX/PCa, were calculated using
the equation derived from the classical Goldman–Hodgkin–Katz (GHK)
“voltage equation” in the assumption that the net current through the channel
is created by the influx of a single divalent cation (i.e., Ca2+, Sr2+ or Ba2+) and
the efflux of a single monovalent cation (i.e., K+) (see [18]):
PX
PCa
¼ exp FDV=RTð Þ 1þ expðFVX=RTÞ
1þ expðSVCa=RTÞ ; ð1Þ
where X is divalent cation tested (i.e., Sr2+ or Ba2+), VX and VCa are current's
reversal potentials with ion X or Ca2+ as a charge carrier, respectively, and
ΔV=VX−VCa.
PCa/PNa permeability ratios were quantified based on reversal potential shifts
occurring in response to equimolar replacements of impermeable TEA+ for Na+
(i.e., assuming that PNa≫PTEA for all α1 subunits studied) using the derivative
of GHK “voltage equation” (see [19]):
PCa
PNa
¼ ½Na
þoutf1þ expðFVr1=RTÞgf1þ expðFVr2=RTÞg
4½Ca2þoutfexpðFDV=RTÞf1þexpðFVr2=RTÞgf1þexpðFVr1=RTÞgg
;
ð2Þ
where Vr1 and Vr2 are reversal potentials in the presence of TEA
+ and Na+,
respectively, ΔV=Vr2−Vr1, [Na+]out and [Ca2+]out are extracellular activities of
the respective ions calculated according to [19], whilst all other symbols have
their usual meaning.
Given a considerable duration of capacitive transients in response to the
stepwise voltage change on oocyte's membrane, the amplitudes of deactivation
(tail) currents occurring in response to membrane repolarization were measured
by fitting the part of the tail with obviously no contamination by the capacitive
current with a single or double exponential function and extrapolating it to the
Table 1
Composition of extracellular solutions (mM)
Divalent series (X=Ca, Sr, Ba) a
Solutions Compounds
XCl2 TEACl HEPES
100 mM X 100 – 5
1–40 mM X 1–40 121–62.5 5
Ca2+ seriesb
Solutions Compounds
CaCl2 TEA-Cl HEPES NaCl Na(OH) TEA(OH) HEDTA EGTA NMDG Free Ca
2+
0.1–1 mM Ca 0.1–1 20 5 81 20 – – – – 0.1–1
10 μM Ca 1 20 5 81 20 – 1.5 – – 10−2
2 μM Ca 0.37 20 5 81 20 – 1.5 – – 2×10−3
0.02 μM Ca 0.37 20 5 81 20 – – 1.5 – 2×10−5
Ca-freec – 20 5 81 20 – – 1.5 – 5×10−8
Ca10 (Na) 10 – 5 87.5 20 – – – – 10
Ca10 (TEA) 10 87.5 5 – – 20 – – – 10
Ca0.2 (NMDG) 0.2 – 5 – – – – – 120 0.2
Ca0.2 (Na) 0.2 – 5 100 20 – – – – 0.2
a pH was adjusted to 7.4 with TEA(OH).
b pH was adjusted to 7.4 with HCl.
c Free Ca2+ concentrations were calculated using WinMax program considering 10−6 M Ca2+ concentration as residual due to impurity of used salts.
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had no contribution to the measured tails' amplitudes.
3. Results
In the presence of either 10 mMCa2+, Sr2+, or Ba2+, as a sole
extracellular charge carrier, only Cav3.1 was characterized by
the hallmark sequence of the whole-cell current's amplitudes
known for native T-type Ca2+ channels [15]: ISr> ICa> IBa with
amplitudes ratio of 1.2:1.0:0.65, respectively, (Fig. 1A). In
contrast, for Cav3.2 and Cav3.3 the ratio of current amplitude
was ISr≥ IBa> ICa (ratio: 1.3:1.2:1.0) and IBa≥ ISr> ICa (ratio:
1.4:1.38:1.0), respectively (Fig. 1B–C). The finding of larger
barium than calcium current is more reminiscent of HVA
channels [20].
The changes in the macroscopic current amplitude for various
divalent charge carriers can be explained by either their
differential permeation through the channel, or by their effects
on open channel probability (Po). The rate of ion permeation
through Ca2+ channels is determined by two factors: (1) the
height of intrapore energy barriers, which reflect ion's electro-
static interactions with anionic groups and sterical correspon-
dence to the selectivity filter, and (2) the depth of energy wells
representing ion binding sites [21]. The contribution of these
factors can be appreciated by determining the relative perme-
abilities, PX/PCa, from the shifts in the reversal potential in
response to equimolar substitution of the test ion, X (in our case
10 mM Sr2+ or Ba2+), for the reference one (in our case 10 mM
Ca2+), and the apparent dissociation constants, KD,X, for ion's
binding derived from currents' concentration dependencies.
Only when both relative permeabilities and KD,Xs for various
divalents are equal, can one conclude that the differences in the
macroscopic currents are due to an ion effect on the open pro-bability of the channel. Thus, our experiments detailed below
aimed at determining relative permeabilities and apparent
dissociation constants of various divalents passing through
Cav3.1, Cav3.2 and Cav3.3 as well as their effects on open
channel probabilities.
3.1. Relative permeabilities of divalent cations through
T-channel α1 subunits
Determination of current's reversal potentials required for
PX/PCa calculations according to Eq. (1) can be most precisely
done from instantaneous I–V relationships of the macroscopic
current. The voltage-clamp protocol used to measure such I–Vs
consisted of the constant conditioning pre-pulse to a high
positive potential (+70 mV) that fully activated channels,
followed by repolarization to various potentials (see Fig. 2D),
during which the amplitudes of the tail currents associated with
channel deactivation was measured and plotted against repolar-
ization voltage (note that the tails of Fig. 2D are quite slow
because the repolarization range was within the range of
channels activation).
Fig. 2A–C shows instantaneous I–V relationships of Ca2+,
Sr2+, and Ba2+ currents through Cav3.1, Cav3.2, and Cav3.3
channels. A magnified view of these relationships in the vicinity
of the reversal potential (Fig. 2A–C, insets) demonstrates very
little shifts upon substitution of 10 mM Sr2+ or Ba2+ for Ca2+ for
Cav3.1 and Cav3.2, but notable shifts for Cav3.3. Calculation of
the permeability ratios based on these shifts using Eq. (1)
provided the values of PSr/PCa and PBa/PCa of 0.90±0.1 and
0.95±0.06, 0.97±0.05 and 0.99±0.05, 0.80±0.08 and 0.85±
0.07 for Cav3.1, Cav3.2, and Cav3.3, respectively (n=5–7 for
each ion substitution, Fig. 2E). The differences in permeability
ratios for all cations were not significantly different for Cav3.1
Fig. 1. Ca2+, Sr2+, and Ba2+ currents through Cav3.1, Cav3.2, and Cav3.3 channels. (A) Representative original recordings of Ca
2+, Sr2+, and Ba2+ currents (10 mM of
charge carrier, pulse protocol shown above Ca2+ currents) through Cav3.1 (upper panel) and respective I–V relationships (lower panel) showing the difference in
current amplitudes; I–V relationships from individual oocytes were normalized to the amplitude of Ca2+ current at −20 mVand then averaged (mean±s.e.m., n=5);
smooth lines represent the best fit of experimental data points with the product of Boltzmann and GHK “current“ equations. (B, C) Same, as in A, but for Cav3.2 and
Cav3.3, respectively.
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significantly differed from 1.0 (P<0.05), which represents
permeability ratio for Ca2+ (i.e., PCa/PCa, Fig. 2E).
3.2. Concentration-dependence of divalent currents
Permeation of the divalents through all types of Ca2+
channels necessarily includes the stage of ion binding to the
site(s) within the channel pore, which limits the maximal
permeation rate and thereby the maximal current irrespective of
the increasing of their extracellular concentration. At divalent
ion concentrations that produce detectable currents, channels are
occupied by multiple ions, and the net effect will reflect not only
the affinity of their binding, but also the strength of the repulsion
between them. The apparent dissociation constants, which
characterize these effects, can be derived from currents'
concentration dependencies. Thus, we asked how the amplitudes
of Ca2+, Sr2+, and Ba2+ currents through Cav3.1, Cav3.2, and
Cav3.3 depended on extracellular concentration of the charge
carrier.
In these experiments we varied each divalent's concentration
from 1 to 100 mM with TEA or NMDG substituted for Na+ and
measured the amplitudes of the tail currents through Cav3.1,
Cav3.2, and Cav3.3 channels. Relative amplitudes for each
divalent cation, X, were plotted against its concentration and
fitted with the Hill equation to determine the apparent
dissociation constant, KD,X, and cooperativity coefficient, PX
(Fig. 3). As one can see from Fig. 3, for all α1 subunits and allcharge carriers current amplitude progressively increased up to
10–20 mM with a weak tendency of leveling off at higher
concentrations, which would reflect a rate-limiting binding of
the permeating ion within the channel pore. The apparent
dissociation constants for binding of various divalents within
Cav3.1 (KD,Ca=4.2 mM, KD,Sr=6.8 mM, KD,Ba=5.5 mM) and
Cav3.2 (KD,Ca=1.7 mM, KD,Sr=2.2 mM, KD,Ba=1.8 mM)
pores were quite similar, whilst for Cav3.3 the apparent binding
of Ca2+ was two-fold stronger (KD,Ca=1.0 mM) than for Sr
2+
(KD,Sr=2.0 mM) and Ba
2+ (KD,Ba=1.7 mM). This indicates that
intrapore binding contributes in a much more essential way to
the divalents' discrimination by Cav3.3 compared to Cav3.1 and
Cav3.2. The cooperativity coefficient in all cases was less than
unity, varying between 0.48 and 0.63 for Cav3.1, and being
around 0.46 and 0.75 for Cav3.2 and Cav3.3, respectively,
consistent with the negative cooperativity of permeating ion
binding. Such type of cooperativity is expected for multiple
binding sites and ion interaction that decreases the apparent
binding constant and promotes ion transfer through the channel.
It also explains quite weak current saturation at increasing
divalent concentrations at relatively low values of the KDs.
3.3. Differential effects of divalents on various T-channel α1
subunits open probability
In view of the fact that Cav3.1 and Cav3.2 channels
demonstrate quite similar relative permeabilities and apparent
dissociation constants for various divalents, the observed
Fig. 3. Concentration dependencies of Ca2+, Sr2+, and Ba2+ currents through Cav3.1, Cav3.2, and Cav3.3 channels. (A) Concentration dependencies of Ca
2+, Sr2+, and
Ba2+ currents through Cav3.1; the amplitudes of the tail currents occurring upon repolarization from 0 mV to − 70 mV in the presence of different Ca2+, Sr2+, and Ba2+
concentrations were normalized to the amplitude of tail current at 10 mMCa2+, and then averaged (data points—mean±s.e.m., n=4–7 for each concentration); smooth
lines represent the best fits of experimental data points with the Hill equation; dissociation constants, KD,X, and cooperativity coefficients, pX, for each charge carrier,
X, derived from the fits are presented on the plot. (B, C) Same, as in A, but for Cav3.2 and Cav3.3, respectively.
Fig. 2. Relative permeabilities of Ca2+, Sr2+, and Ba2+ through Cav3.1, Cav3.2, and Cav3.3 channels. (A) Average instantaneous I–V relationships (mean±s.e.m.,
n=5–7) constructed from Ca2+, Sr2+, and Ba2+ tail currents (see protocol in panel D) with magnified view in the vicinity of reversal potentials (Vr, inset) showing Vr
changes depending on charge carrier. (B, C) Same, as in A, but for Cav3.2 and Cav3.3, respectively. (D) Voltage-clamp protocol used for measurement of instantaneous
I–Vs and representative original Ba2+ tail currents for Cav3.3 (see additional explanations in Materials and methods). (E) Quantification of relative Ca
2+, Sr2+, and Ba2+
permeabilities through Cav3.1, Cav3.2, and Cav3.3 (mean±s.e.m., n=5–7); “*” denotes statistically significant differences (P<0.05) between the values for Cav3.3.
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and Ba2+ currents are most likely explained by the differential
effects of the permeating ion on the channel's open probability
(i.e. gating).
Open channel probability is proportional to the amplitudes of
the tail currents occurring upon repolarization to the same
potential following step depolarizations to various potentials.
The respective experimental protocol is presented in Fig. 4D. In
this protocol we used 10 mV incremental depolarizing pulses
whose duration equaled to the time-to-peak of the current
activated during the pulse to allow full channel activation at
each potential prior to measuring tails on repolarization to
−70 mV.
Fig. 4A, B show normalized Po(V) dependencies for Cav3.1
and Cav3.2 when using 10 mM Ca
2+, Sr2+, or Ba2+ as charge
carrier. The normalization was performed to the Po for Ca
2+ at
0 mV, Po,Ca(0), so, the plotted dependences actually represent
Po,X(V)/Po,Ca(0), where X is Ca
2+, Sr2+, or Ba2+. Fit of the
experimental Po,X(V)/Po,Ca(0) data points with Boltzmann
equation (Fig. 4A, B) allowed one to determine the ratios of
the maximal (saturating) open channel probabilities for variousFig. 4. The effects of Ca2+, Sr2+, and Ba2+ on Cav3.1, Cav3.2, and Cav3.3 on channel
Sr2+, and Ba2+ (10 mM) as a charge carrier constructed from respective tail current
n=5–7) of the tail currents normalized to the amplitude of Ca2+ current on repola
points with Boltzmann equation; half-activation potentials, V½, and slope factors, k
Same, as in A, but for Cav3.2 and Cav3.3, respectively. (D) Example of voltage-cla
current measurements and representative original Ba2+ currents through Cav3.3 at
currents represent exponential fits used to determine amplitudes of tails. (E) Qu
probabilities with Ca2+, Sr2+, and Ba2+ as a charge carrier (mean±s.e.m., n=5–7cations, Po,Ca,max:Po,Sr,max:Po,Ba,max, of 1:1.16:0.8 for Cav3.1
and 1:1.26:1.24 for Cav3.2 (Fig. 4E).
Noteworthy, the sequence of the divalent cation-defined
probability ratios determined herein from Cav3.1 macroscopic
currents appeared to be remarkably similar to the one found
from single channel experiments on native T-type channels in
N1E-115 neuroblastoma cells: Po,Ca,max:Po,Sr,max:Po,Ba,max=1:
1.66: 0.66 [3]. The fact that both Cav3.1 and Cav3.2 seem to
discriminate divalents at the whole cell level via open
probability, but the sequences of Po,X,max that they demonstrate
are different, suggests that the mechanism(s) via which
permeating ions influence channel's gating are likely different
for various Cav3 channels.
The same type of experiments conducted on Cav3.3 also
revealed the differences in Po,X,max (Fig. 4C, E). However, since
the energy profiles for various divalents within Cav3.3 pore are
not the same (as evidenced by the divergence of PX/PCa and
KD,X values), which means that they contribute to the observed
differences in the whole-cell currents, it is not possible by the
same approach to establish to what extent the divalents also
influence the open probability of Cav3.3.open probability. (A) Voltage dependence of Cav3.1 open probability with Ca
2+,
s (see protocol in panel D); data points — averaged amplitudes (mean±s.e.m.,
rization from 0 mV. Smooth lines represent the best fits of experimental data
, for each charge carrier derived from the fits are presented on the plot. (B, C)
mp protocol used for the derivation of open channel probabilities based on tail
different magnifications. Dashed lines superimposed on repolarization-evoked
antification of maximal Cav3.1, Cav3.2, and Cav3.3 channel's open channel
).
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At submicromolar concentrations of the divalents binding
sites within the Ca2+ channel pore are not occupied, and all Ca2+
channels become permeable to monovalent cations. As
occupancy of these binding sites increases, the monovalent
current diminishes. Therefore, determining the dependence of
the monovalent current's amplitude on extracellular Ca2+
concentration ([Ca2+]out) is crucial for evaluating its true affinity
to the intrapore binding site (in contrast to the apparent affinity
obtained from the concentration-dependencies of the divalents'
currents per se, which also accounts for ion–ion interactions).
In these experiments we used 100 mM Na+ as a charge
carrier while varying [Ca2+]out in the broad range of 5×10
−11 to
10−1 M. Fig. 5 shows Cav3.1, Cav3.2 and Cav3.3 currents at
specified [Ca2+]out and the dependencies of the current
amplitude on [Ca2+]out. The concentration-dependencies were
normalized to the current amplitude through each subunit at
10−2 M [Ca2+]out. The key results were: for all subunits the
current's amplitude stayed relatively constant between 5×10−11
to 10−6 M [Ca2+]out, decreased as [Ca
2+]out was elevated from
10−6 to 10−4 M, and then increased again at higher Ca2+
concentrations. In accordance with similar observations on
L-type Ca2+ channels [2], these results can be interpreted as
showing that in the range of 5×10−11 to 10−6 M [Ca2+]out theFig. 5. Ca2+-dependence of the current through Cav3.1, Cav3.2, and Cav3.3 channels
Cav3.1 at indicated extracellular Ca
2+ concentrations (A) and the dependence of the cu
(mean±s.e.m., n=5–7) of maximal inward currents normalized to the amplitude of C
experimental data points with the sum of two Hill equations. Parameters of each fit (d
and E, F) Same, as in A, B but for Cav3.2 and Cav3.3, respectively.current through all Cav3 channels is carried by Na
+ ions, in the
range of 10−6 to 10−4 M [Ca2+]out Na
+ current is blocked by
Ca2+ ions starting to occupy single binding site(s) within the
channel's pore, and in the range of 10−4 to 10−1 M [Ca2+]out the
concentration becomes high enough to produce the occupancy
of multiple sites and Ca2+ current due to inter-ion interaction.
With such interpretation the fit of the experimental Ca2+-
dependencies with the sum of two Hill equations allows one to
derive for each α1 subunit two sets of the dissociation constants
and cooperativity coefficients: the first, a true dissociation
constant, KD,Ca1 and pCa1, describing Na
+ current blockade by
Ca2+ and the second, an apparent one, KD,Ca2 and pCa2,
describing saturation of Ca2+ current.
The best fit of experimental data provided pCa1 and pCa2
values close to 1.0 and between 0.5 and 0.8, respectively, for all
α1 subunits, whilst KD,Ca1 and KD,Ca2 were 1.6 μM and 4.1 mM
for Cav3.1, 6.8 μM and 2.2 mM for Cav3.2 and 10.0 μM and
0.5 mM for Cav3.3. Interestingly, for all subunits current
amplitude never decreased to zero while varying Ca2+
concentration, suggesting that at its minimum the current is
carried by both Na+ and Ca2+. The mixed current was the largest
for Cav3.3 (Fig. 5C), decreased somewhat for Cav3.2 (Fig. 5B),
and was the smallest for Cav3.1 (Fig. 5A). The presence of a
mixed current could be explained by the essential closeness of
KD,Ca1 and KD,Ca2 dissociation constants, especially for Cav3.3in the presence of Na+. (A, B) Original recordings of maximal currents through
rrent amplitude on [Ca2+]out (B); data points on B represent averaged amplitudes
a2+ current at −20 mVand 10 mM [Ca2+]out; solid line represents the best fit of
ashed lines) are presented close to the respective branch of the dependency. (C, D
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320, respectively, compared to a 2500-fold difference for the
Cav3.1 subunit. Note, that for L-type Ca
2+ channels the
corresponding dissociation constants differ by 3-to-4 orders of
magnitude, which explain the lack of any measurable current
through these channels in the 10−6 to 10−4 M Ca2+ concentra-
tion range [2].
Also of note is the significant increase in current amplitude
through Cav3.2 upon decreasing [Ca
2+]out to 5×10
−11 M,
compared to the closest value at [Ca2+]out=2×10
−8 M (Fig.
5D), which may suggest multiplicity of Ca2+ binding sites
controlling Cav3.2, but not other subunits permeation.
To quantify further Na+ vs. Ca2+ permeability of various α1
subunits we next measured shifts of the current reversal
potential upon equimolar substitution of 100 mM Na+ for
TEA+ in the presence of 10 mM Ca2+. Fig. 6A–C shows
instantaneous I–V relationships of the respective currents and
the quantification of their reversal potentials. Substitution of
Na+ for TEA+ caused a rightward shift of the current reversal
potential for all α1 subunits. However, for Cav3.1 the shift
constituted only 3 mVand was not statistically significant, while
for Cav3.2 and Cav3.3 the statistically significant shifts wereFig. 6. Ca2+-to-Na+ permeability of Cav3.1, Cav3.2, and Cav3.3 channels. (A) Average
currents (see example of protocol in panel D) in the presence of 10 mM Ca2+ and 100
values of the currents' reversal potentials at respective ionic conditions. (B, C) Same,
protocol and respective tail current recordings used for the construction of instanta
potential are presented). (E) Quantification of relative Ca2+-to-Na+ permeability for4 mV (P<0.05) and 8 mV (P<0.01), respectively. Calcula-
tions of PCa/PNa ratios according to the Eq. (2) provided the
values of 68, 47 and 21 for Cav3.1, Cav3.2 and Cav3.3,
respectively (Fig. 6E), suggesting that all T-type Ca2+ channels
are much less Ca2+ selective than L-type Ca2+ channels.
The ability of Cav3.3 to pass significant Na
+ current at close
to physiological Ca2+ concentrations was further demonstrated
in direct experiments. Fig. 7 shows that decreasing [Ca2+]out
from 10 mM to 0.2 mM in the presence of 120 mM Na+ caused
about 35% reduction of the current through Cav3.3. Equimolar
replacement of 120 mM NMDG for Na+ caused a current
decrease by another 54% (Fig. 7E), suggesting that nearly half
of the current at 0.2 mM [Ca2+]out is carried by Na
+.
3.5. Ca2+-dependent modulation of the current through
T-channel α1 subunits
It is recognized that the Ca2+ blockade of Na+ permeation
through calcium channels is voltage-dependent [14,22,23],
which served as a major argument for the intrapore localization
of Ca2+ binding site(s) that control channel's permeation. How-
ever, in mollusk neurons voltage-dependence of the inhibition ofinstantaneous I–V relationships (mean±s.e.m., n=7) constructed from Ca2+ tail
mM Na+ (open triangles) or 100 mM TEA+ (filled squares); the inset shows the
as in A, but for Cav3.2 and Cav3.3, respectively. (D) Example of voltage-clamp
neous I–Vs for Cav3.3 (only tail current recordings in the vicinity of reversal
Cav3.1, Cav3.2, and Cav3.3 based on Vr shifts.
Fig. 7. Na+ current through Cav3.3 channels. (A–C) Representative current recordings from the same oocyte in the presence of 10 mM Ca
2+ and 120 mM Na+ (A),
following reduction of Ca2+ to 0.2 mM (B) and following replacement of NMDG for Na+ (C). (D, E) Averaged I–V relationships (D) and quantification of maximal
current amplitudes (E) under respective ionic conditions (mean±s.e.m., n=7).
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[24] favoring the extracellular localization of the binding site(s).
Such conclusion was also supported by much stronger voltage
shift of the channel's voltage-dependent gating compared to the
expected one from simple change in the membrane surface
potential. Thus, it seems that permeation of various Ca2+-
channel types can be regulated by two binding sites located
either close to the extracellular mouth or inside the pore. Given
that Ni2+-sensitive Cav3.2 seems to be different from the other
two Cav3 channels in that it contains extracellular binding site in
the IS3–IS4 loop responsible for Ni2+ blockade [25], we asked
whether this site is involved in the control of the channel's
permeation by Ca2+ as well. To answer this question we studied
the alterations in voltage-dependence of Cav3 channels activa-
tion during transition from Na+- to Ca2+-permeable mode, and
determined the voltage-dependence of Na+ current blockade by
Ca2+.
As demonstrated in Fig. 8, V½ for current activation stayed
relatively constant for all subunits at [Ca2+]out<10
−5 M, but
shifted towards depolarization at higher concentrations. How-
ever, for Cav3.1 (Fig. 8B) and Cav3.3 (Fig. 8H) the shift of V½
with increasing [Ca2+]out occurred more gradually than for
Cav3.2, which experienced a major jump of 18 mV in the range
of 10−5 to 10−4 M [Ca2+]out (Fig. 8E). Similar [Ca
2+]out-
dependence was characteristic of another parameter of chan-
nels' voltage-dependent activation—the slope factor, k. This
factor hardly changed for Cav3.1 (Fig. 8C) and Cav3.3 (Fig. 8I),
but increased sharply between 10−5 M and 10−4 M [Ca2+]out for
Cav3.2 (Fig. 8F). Collectively, these results are consistent with
the assumption that the positive surface charge in the vicinity ofCav3.2 external mouth becomes essentially higher than in the
vicinity of Cav3.1 and Cav3.3, as [Ca
2+]out reaches 10
−5 to
10−4 M, most probably due to Ca2+ binding to the postulated
binding site in the IS3–IS4 loop, and that such binding is
accompanied by the change of Cav3.2 gating charge, as reported
by the slope factor.
Cav3.2 also differed from Cav3.1 and Cav3.3 in the voltage-
dependence of Na+ current blockade by Ca2+. Fig. 9C, I show
that the blockade of Cav3.1- and Cav3.3-carried Na
+ current by
10−5 M Ca2+ changed with depolarizing voltage in a similar
bell-shape fashion, as was reported for native LVA channels
[14,23]: the blockade increased with lowering depolarizing
pulse potential from positive values down to −20 mV and then
decreased again at more negative voltages. Such voltage-
dependence is usually explained by the increased probability of
Ca2+ entry into the channel and, hence, the increased binding
site occupancy at more negative membrane potential till such
potential starts to promote Ca2+ permeation through the
channel, which in turn results in a decrease in site occupancy.
In contrast to these observations, the blockade of Cav3.2-
carried Na+ current by 10−5 Ca2+ did not change with voltage
(Fig. 9F). This result was also confirmed with 2×10−8 M Ca2+,
suggesting that the lack of voltage-dependence is not an
experimental artifact, but is rather the reflection of the specifics
of Cav3.2 subunit, whose Ca
2+ binding site controlling channel
permeation is located close to the extracellular surface.
To further evaluate the role of the putative Ni2+ binding site
within the extracellular IS3–IS4 loop in the control of Cav3.2
channel permeation, we studied Ni2+-(10 μM) induced blockade
of Cav3.2-carried Ca
2+, Sr2+ or Ba2+ currents, as well as of
Fig. 8. The effects of Ca2+ on voltage-dependence of Cav3.1, Cav3.2, and Cav3.3 channels activation. (A) Normalized average I–V relationships (mean±s.e.m.,
n=5–7) of Cav3.1-carried current at specified extracellular Ca
2+ concentrations. Smooth lines represent the best fit of experimental data points with the product of
Boltzmann and linear functions. (B, C) The [Ca2+]out-dependencies of half-voltage for current activation, V½ (B), and slope factors, k (C), derived from corresponding
I–Vs fits (mean±s.e.m., n=5–7). (D, E, F) Same, as in A, B, C, respectively, but for Cav3.2. (G, H, I) Same, as in A, B, C, respectively, but for Cav3.3.
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(Fig. 10). As one can see, Ni2+-evoked blockade of ICa, ISr and
IBa (10 mM of charge carrier with TEA
+, Fig. 10A–C) was
complex, but qualitatively similar for all charge carriers. The
weak voltage-dependence suggests interactions of extracellular
and intrapore binding sites in producing current inhibition.
Nickel block was also accompanied by about 3 mV leftward shift
in Vr of all currents, consistent with a slight change in the
channel's selectivity. Nevertheless, at membrane voltages, where
the current is inward (i.e., –50–+20 mV), the inhibition of ICa
was clearly the smallest varying in the 27–37% range and
increasing by almost 10% for ISr (to 35–46%) and IBa (to 34–
47%). In view of nearly equal apparent intrapore binding of
Ca2+, Sr2+, and Ba2+ (i.e., KD,Ca=1.7 mM, KD,Sr=2.2 mM,
KD,Ba=1.8 mM, see Fig. 3B), one would expect the same
competition of Ni2+ with them for the intrapore binding site,
however, the observed results are more consistent with the
contribution of putative IS3–IS4 loop extracellular site in the
net Ni2+ effects. The observed slight change in Vr induced by
Ni2+ is also consistent with an allosteric effect of this site on
Cav3.2 channel's permeation.
Further, lowering [Ca2+]out from 10 mM to 1 mM enhanced
the voltage-dependence of Ni2+ action and increased the
maximal current inhibition from 37% to 44% (compare Fig.10A and D), suggesting a greater role of intrapore Ni2+ binding
in the blocking effects. However, further lowering of [Ca2+]out
to 0.1 mM (making [Ca2+]out even lower was impossible, as it
required using chelating agents, which also potently bind Ni2+)
resulted in the flattening of the voltage-dependence of Ni2+
action and an even stronger effect of Ni2+ on the channel's
selectivity, as evidenced by the prominent leftward shift in Vr
(Fig. 10E).
Thus, taken together the results on the modulation of the
blocking action of Ni2+ on Cav3.2 channels by permeating
divalent cations suggest the presence of an extracellular IS3–
IS4 loop binding site for Ni2+ that allosterically effects channel
permeation. However, the net effect is expected to be dependent
on the relation of Ni2+, Ca2+, Sr2+ and Ba2+ affinities to this site
(which are not known) as well as to the intrapore site and on the
membrane potential, which modulates these affinities.
4. Discussion
In the present study we report on the following major
findings: (1) all recombinant T-channel α1 subunits discrimi-
nate Ca2+ over Na+ by their intrapore binding site's affinity, (2)
the affinity of the divalent ion species to the Cav3.1, Cav3.2 and
Cav3.3 intrapore binding site(s) is about 10 times weaker than
Fig. 9. Voltage-dependence of Cav3.1-, Cav3.2-, and Cav3.3-carried Na
+ currents block by Ca2+. (A) Representative recordings of Cav3.1-carried Na
+ current at 10−5
and 5×10−11 M [Ca2+]out. (B) Averaged I–V relationships (mean±s.e.m., n=5–7) of Cav3.1-carried Na
+ current at 10−5 and 5×10−11 M [Ca2+]out; I–Vs were
normalized to the maximal Na+ current amplitude at 5×10−11 M [Ca2+]out. (C) The percentage of Na
+ current inhibition by [Ca2+]out rise from 5×10
−11 to 10−5 M
derived from corresponding I–Vs. (D, E, F) Same, as in A, B, C, respectively, but for Cav3.2; the data on E and F are presented for three Ca
2+ concentrations −5×10−11
M, 2×10−8 M, and 10−5 M. (G, H, I) Same, as in A, B, C, respectively, but for Cav3.3.
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discrimination of Ca2+, Sr2+, and Ba2+ by Cav3.1 and Cav3.2 on
the whole-cell level occurs due to the differential effects of the
permeating ions on open channel probability, whilst in the case
of Cav3.3 is due to different intrapore binding affinity of these
ions, (4) recombinant T-channel α1 subunits carry notable
mixed Na+/Ca2+ current at close to physiological Ca2+
concentrations, which is the strongest for Cav3.3, the smallest
for Cav3.1, and is in between for Cav3.2, (5) in addition to
intrapore Ca2+ binding site(s) Cav3.2, but not Cav3.1 and
Cav3.3, is likely to possess an extracellular Ca
2+ binding site
that controls channel permeation and/or gating.
4.1. Permeation vs. open probability in defining macroscopic
T-channels selectivity
At the whole cell level, the three recombinant Cav3
channels appear to discriminate among Ca2+, Sr2+, and Ba2+
by demonstrating different amplitudes of current. It should
be noted, however, that in the study of McRory et al. [13]
the relations of maximal Ca2+ and Ba2+ whole-cell currents:
ICa≫ IBa for Cav3.1 (α1G), ICa≪ IBa for Cav3.2 (α1H) andICa≈ IBa for Cav3.3 (α1I) were found to be somewhat different
from those reported herein (in the same order of subunits):
ICa≫ IBa, ICa< IBa and ICa< IBa. We believe that some
quantitative divergences of ours and McRory's et al. [13] results
on Ca2+/Ba2+ currents are most likely explained by different
concentrations of divalents (2 mM inMcRory et al. vs. 10 mM in
our experiments) as well as different species and concentrations
ofmajor monovalents (40mMTEA+ and 92mMCs+ inMcRory
et al. vs. 100 mM TEA+ or NMDG+ in our experiments) in the
extracellular saline. Such experimental conditions can signifi-
cantly influence the results in view of notable permeability of
Cav3 channels to monovalent cations as well as divalent effects
on the channel gating (i.e. Po) shown in our work. As an
evidence for these notions, we get basically the same relation of
Ca2+, Ba2+ and Sr2+ currents through Cav3.2 as reported by
Kaku et al. [12], who also used 10 mM of divalents in the
presence of TEA+ only.
Despite the detected differences in the amplitudes of Ca2+,
Sr2+, and Ba2+ whole-cell currents, our results show that the two
major parameters that define ion permeation through the
channel, the relative permeability and apparent intrapore
binding affinity, are virtually the same for various divalent ion
Fig. 10. Modulation of Ni2+-induced blockade of Cav3.2 by divalent ion species and concentration. (A, B, C) I–V relationships of ICa (A), ISr (B) and IBa (C) in the
absence (filled squares, Ctrl) and in the presence of 10 μM Ni2+ (open circles, +Ni); 10 mM of charge carrier with TEA+ as the only monovalent cation. (D, E) I–V
relationships of mixed Ca2+/Na+ current at 1 mM (D) and 0.1 mM (E) [Ca2+]out in the absence (filled squares, Ctrl) and in the presence of 10 μM Ni
2+ (open circles,
+Ni); presented I–Vs are normalized to the maximal currents in the absence of Ni2+ and then averaged (n=3–5). The data points were fit with the product of
Boltzmann and linear functions. The graphs above the I–Vs (filled triangles) represent the fraction of current's blockade by Ni2+ at each potential.
1417A. Shcheglovitov et al. / Biochimica et Biophysica Acta 1768 (2007) 1406–1419species for Cav3.1 and Cav3.2 channels. Thus, the observed
variations in the macroscopic Cav3.1 and Cav3.2 currents can
only be explained by ion-conferred changes in the open channel
probability. This conclusion does not apply to the Cav3.3, for
which we find statistically significant differences in the relative
permeabilities and apparent affinities of intrapore binding of
various permeating divalent cations. Moreover, the sequence of
the apparent dissociation constants that characterize divalent
current saturation in Cav3.3, KD,Ba≈KD,Sr>KD,Ca agrees well
with the order of macroscopic currents that it transports,
IBa≈ ISr> ICa, suggesting that this particular isoform selects
divalents mainly “by affinity”, just as do the representatives of
HVA Ca2+-channel family. Thus, at least with respect to the
permeation properties Cav3.3 seems to demonstrate “classical”
VGCCs behavior [1,2].
The notion that T-channel selectivity for divalent cations at
the whole-cell level may be associated with the ion's effects on
the open channel probability, rather than with the differences in
their permeation, has been known for quite a while [3].
However, our finding that such behavior is characteristic of two
recombinant T-channel subtypes, Cav3.1 and Cav3.2, irrespec-
tive of the particular order of macroscopic Ca2+, Sr2+, and Ba2+
currents that they transport, is new. It suggests that variousdivalents influence channel's kinetics in a α1 subunit-specific
manner, which can only be explained if there is no unified
mechanism for such influence due to likely differences in the
physical and chemical properties of channel's molecular
determinants that ions interact with and/or their coupling to
the gating machinery.
So far, most studies on the determinants of calcium channel
permeation have focused on the intrapore locus formed by
either four glutamates (EEEE locus) or two glutamates and two
aspartates (EEDD locus), which are contributed by the P-
regions of the four homologous repeats of the HVA and LVA
channels, respectively. However, the EEEE–EEDD difference
is not sufficient to account for all of the permeation peculiarities
of HVA vs. LVA channels. Indeed, Cav2.3 channel (α1E),
although possessing an EEEE locus, conducts Ca2+, Sr2+, and
Ba2+ equally, making it similar to LVA channels [26]. Further,
the changes in the divergent residues not only at, but also near
conserved glutamates of L-type Cav1.2 (α1C) are capable to
confer on it some of the permeation properties of T-type
channels [27]. Finally, substitutions of glutamates for aspartates
in the EEDD of Cav3.1 reproduced only some (Ca
2+/Ba2+
anomalous mole fraction), but not all (the order of macroscopic
Ca2+ and Ba2+ currents) of the HVA permeation features [8].
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complex changes in channel gating most probably via
modifications of gating charge movement, consistent with the
tight link between permeation and gating [9]. The substitution
of just IS5-P-IS6 segment of Cav3.1 with analogous segment
from L-type Cav1.2 conferred the resulting chimera the voltage-
dependence of HVA channels [28].
There is strong evidence that various Ca2+ channels may
also possess extracellular determinant(s) that control channel
permeation in a Ca2+-dependent allosteric manner, as was
initially proposed for underlying Ca2+-channel Na+-to-Ca2+
permeability switch in the snail neurons [24]. For instance, the
so-called EF-hand Ca2+ binding domain present in the
extracellular IIIS5-P region of HVA α1 subunits has been
shown to contribute to the permeation of Cav2.2 channels by
controlling the differential Ca2+ and Ba2+ permeabilities [29],
whilst yet another extracellular domain, IS5-S6 linker, seems
to be involved in determining the single-channel conductance
of HVA L-type α1 subunits [30]. Extracellular binding sites
for polyvalent cations have also been identified in the Ni2+-
sensitive Cav3.2 channel [25]. This site is primarily respon-
sible for Ni2+ block [31], but it may well be that it is also
involved in allosteric modulation of this subunit's permeation
and/or gating. In view of potentially multiple determinants that
may be involved in the control T-type Ca2+-channel permea-
tion, at this time it is difficult to propose a mechanism of
permeating ion effects on Cav3.1 and Cav3.2 channels' open
probability.
4.2. Na+ permeability of recombinant T-type Ca2+ channels
A common property of calcium channels is the ability to
pass Na+ current when [Ca2+]out is reduced below 1 μM
[24,32,33]. Exquisite selectivity of calcium channels for Ca2+
over Na+ under physiological conditions is explained by the
much higher affinity of intrapore binding site(s) for Ca2+
compared to Na+ [2]. However, if the affinity of Ca2+ binding
to the single site is not too high onemight expect that even under
physiological Ca2+ concentration a fraction of current would be
carried by Na+.
Our experiments on concentration-dependence of Na+
current blockade by Ca2+ show that the affinity of Ca2+
intrapore binding for Cav3 channels is on average 10 times
weaker than for L-type Ca2+ channels. Indeed, we find KD,Ca1
values for the blockade of Na+ current by Ca2+ of 1.6 μM,
6.8 μM and 10.0 μM for Cav3.1, Cav3.2 and Cav3.3,
respectively, whilst for the native and recombinant HVA
channels the values are in the range of 0.1–1 μM [24,34].
Relatively low affinity of single Ca2+ binding results in high
pore occupancy (i.e., at high Ca2+ concentrations). When
multiple binding sites are occupied, inter-ion electrostatic
repulsion and/or competition for the binding site(s), makes it
easier for Ca2+ to permeate through the channel. This is
reflected by the notably lower values of the apparent
dissociation constant, KD,Ca2, which describes concentration
dependence of Ca2+ current through Cav3.1, Cav3.2 and Cav3.3
(i.e., 0.5–4.1 mM) compared to what is reported for HVAchannels (i.e.,∼10–20 mM, [34,35]). The stronger contribution
of the inter-ion interaction during Ca2+ permeation through
recombinant Cav3 channels corresponds well with negative
cooperativity of their binding (i.e., Hill coefficient pCa2<1),
which we find from concentration-dependencies of divalent
currents (see Figs. 3 and 5).
Overall, such peculiarities of Ca2+ binding result in the
ability of Cav3 channels to pass a notable fraction of Na
+ current
even at physiologic Ca2+ concentration. This current is the
largest for Cav3.3, for which the values of KD,Ca1 and KD,Ca2 are
the closest among all Cav3 α1 subunits (50-fold difference)
followed by Cav3.2 (320-fold difference) and then by Cav3.1
(2500-fold difference). The ability of Cav3 channels to pass Na
+
was also confirmed by measuring relative permeabilities, which
provided PCa/PNa values of 68, 47 and 21 for Cav3.1, Cav3.2
and Cav3.3, respectively, as well as by measuring residual
currents in response to ion substitutions. Our results on essential
Na+ permeability of Cav3 channels are consistent with the
previous observations on Cav3.1 and Cav3.2 [10].
4.3. Is Cav3.2 different?
We have found that Cav3.2 is different from Cav3.1 and
Cav3.3 in that block of Na
+ current through the Cav3.2 channel
by Ca2+ occurs in a voltage-independent manner. In addition, in
the 10−5 to 10−4 M Ca2+ concentration range, an abrupt shift in
half-voltage of activation and the size of gating charge takes
place. We propose that these effects are due to the presence of an
extracellular binding site for Ca2+ in close proximity to the
Cav3.2′s external mouth. The binding of Ca
2+ to this site leads
to: (1) an increase in the local positive surface charge and (2)
block of Na+ current in a voltage-independent fashion, most
probably through allosteric modulation of gating charge size
and/or movement. This site may act in concert with the one
within the permeation pathway, however, because of its higher
affinity to Ca2+ it might be rate limiting in producing Na+
current inhibition.
Cav3.2 is peculiar among Cav3 channels also in that it shows
the highest sensitivity to block by Ni2+ (IC50 ∼10 μM, [31]). In
a recent study the block by Ni2+ was attributed to the
extracellular binding site located in the Cav3.2 IS3–S4 loop,
whose most critical element was histidine H191, which is absent
in other T-channel isoforms [25]. It was proposed that Ni2+
binding to this site prevents movement of the gating charge
stabilizing the channel in closed states. We hypothesize that Ni2+
binding site in the Cav3.2 IS3–S4 linker and the postulated
extracellular Ca2+ binding site responsible for the voltage-
independent Na+ current inhibition are the same. Our experi-
ments on the modulation of Ni2+-induced blockade of Cav3.2 by
various permeating divalent ion species and concentrations,
although not excluding this hypothesis, nevertheless failed to
provide its straightforward confirmation, most likely because of
the difficulty in reducing the concentration of divalents low
enough in the presence of Ni2+. Therefore, until more refined
experiments are conducted one can suggest that Ca2+ sitting in
this site confers some basal level of Cav3.2 inhibition through an
allosteric effect on gating charge size and/or movement. Strong
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5×10−11 M (see Fig. 5D) is consistent with such notion.
In summary, our results provide characteristic permeation
signatures for the three isoforms of recombinant T-type Ca2+
channels, which can be used as novel functional tests for
identifying the subunits responsible for T-type Ca2+ current in
native cells.
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